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We propose quantum engines powered entirely by the quantum measurement process. Our theo-
retical construction of the engine requires no work from the system Hamiltonian, and takes energy
only from the process of observation to move a particle against a force. We present results for the
work done and the efficiency for different values of the engine parameters. Feedback is required for
optimal performance. We find that unit efficiency can be approached when one measurement out-
come prepares the initial state of the next engine cycle, while the other outcomes leave the original
state nearly unchanged.
Discussions of quantum measurement typically
present two aspects: The probability to find differ-
ent possible results of the measuring device, and how
that result changes the quantum state of the system
being interrogated. This process is characterized as
simply observing the system. However, researchers
have begun to realize that there are resources re-
quired to make measurements, and even forbid cer-
tain measurements from taking place that violate
conserved quantities, such as energy [1]. Measure-
ment places energy costs on quantum information
tasks, but many also allow energy extraction from
the system [2]. Existing results in the literature typ-
ically focus on the Wigner, Araki, Yanase (WAY)
theorem [3–5] and its generalizations [6, 7]. One con-
sequence of the WAY theorem is that it is impossible
to have a repeatable and accurate measurements of
the system’s energy if the total Hamiltonian of the
meter and system does not commute with the sys-
tem Hamiltonian.
More recent studies of the thermodynamic aspects
of measurement [8], suggested the following princi-
ple: measurement can also bee seen as a thermo-
dynamic resource, analogous to heat or work reser-
voirs, such as a battery, in classical thermodynamics.
A recent work [9] proposed a quantum Maxwell de-
mon being able to extract energy from measurement-
induced coherences in a qubit, using Rabi oscilla-
tions to put energy into a coherent optical tone.
However, as the dispersive measurement of the qubit
also involved an optical field, the net result is sim-
ply using the qubit as an energy transducer from
one optical mode to another. Ref. [10] exploits mea-
surement to let the system do work on a classical
magnetic field or a time-varying external potential.
Ref. [11] also proposes a measurement-induced work
extraction relying on non-Markovian effects in a zero
temperature thermal reservoir.
In the current paper, we posit this principle by
proposing measurement-fueled engines able to drive
a single-particle current against a potential barrier.
These engines thus do useful work such as raising an
elevator, or charging a battery. The energy comes
entirely from the process of observation: Measuring
the system in a basis that does not commute with
its Hamiltonian allows energy to be taken away from
the measurement apparatus and given to the system
in such a way as to be turned into useful work. This
energy transfer is stochastic in nature, so has some
similarities to heat in a stochastic thermodynamics
context [8]. We stress, however, this similarity is
only superficial, in that we show the existing ther-
modynamic bounds do not apply, and we are able
to design engines with this “quantum heat” that
can approach unit efficiency [9]. As recently stated,
such an engine would not operate if the measuring
apparatus was isolated [12]: input power must be
provided to the apparatus to perform such measure-
ments, which is taken into account for the engine’s
efficiency.
Setup.— We will now make a quantum measure-
ment do useful work by having a particle climb a
tilted potential. The setup is the following (see
Fig. 1): a particle is described by a pure state |ψ〉
in a potential Vˆ = V (xˆ) = V0xˆ/ξ + Vwall(xˆ). The
term Vwall(x) corresponds to a barrier of infinite
height preventing the particle from reaching the po-
sitions x < xwall. The time-independent Schro¨dinger
equation for a particle with mass m and energy
E, −(~2/2m)∂2xφ(x) + V (x)φ(x) = Eφ(x), can be
rewritten for x > xwall as
φ′′(x) +
(
2mE
~2
− x
x30
)
φ(x) = 0, (1)
with the characteristic length x0 = (~2ξ/2mV0)1/3,
together with the boundary condition φ(xwall) = 0,
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FIG. 1. a: Situation under investigation. The parti-
cle’s initial wave function (blue solid) is the ground state
which is confined between the tilted potential (depicted
in solid red) and the wall (in gray), located at posi-
tion xwall = uwallx0. The generalized measurement is
characterized by the function Mo(x) (dotted line) able
to tell that, for sure, the particle is outside the region
[xwall, xwall + εx0] when outcome o is found. b: Energy
exchanges occurring during the engine cycle: the mea-
surement provides the quantum heat Qq, which is split
between useful work W and the heat QC dissipated in
the cold bath. The dotted arrows stand for the details of
the energy exchanges during the measurement according
to our measurement model (see SI [13]): the work WM
is needed to entangle S and the meter, and EM is the
average energy provided to the meter to reset it before
the next cycle. c,d: Two possible implementations. c:
The elevator. An atom S is on a platform and experi-
ences gravitational acceleration g. The detectorD checks
every cycle if the atom is within a distance ε from the
platform and sends the outcome to the elevator operator
O (lift attendant) who shifts the elevator to the “next
floor” of height εx0 for free if the outcome is o. d: The
single electron battery. The negatively charged particle
experiences an electric field of intensity E between two
electrodes. The wall is a piece of neutral insulator that
can be moved depending on the outcomes of D. The
electron successfully moved distance L between the elec-
trodes charges the battery with energy eEL.
where ′ denotes a spatial derivative.
The eigenstates of the Hamiltonian can therefore
be expressed in term of the Airy function Ai(x) [14]
and its zeros {al}l≥1 with al < 0 and al+1 < al:
φn(x) =
1√
x0
Ai[(x− xwall)/x0 + an]
Ai′(an)
, (2)
for x ≥ xwall, and 0 otherwise. The energy eigenval-
ues are En = (~2/2mx20)|an|+ (~2/mx20)(xwall/x0).
Let us start the system so the particle is in the
ground state φ1(x) and the wall is at position x = 0.
An ideal position measurement of the particle is in
fact impossible, because it would require an infinite
amount of energy. Let us therefore consider another
kind of position measurement, and simply determine
whether the particle is within some distance ε of the
wall, or not. Even this “yes-no” question introduces
discontinuities in the wavefunction and is also too
costly. We therefore adopt a minimal model, and
consider two possible outcomes of a generalized mea-
surement, each associated with Kraus operators Mo
and Mi, where the labels i, o denote that particle is
found inside or outside the region [0, εx0] from the
wall. We smooth the abrupt transition with an in-
terpolating region from εx0 to (ε + w)x0. Let us
choose Mo to be
Mo =

0, x/x0 < ε,
sin[pi(x/x0 − ε)/2w], ε < x/x0 < ε+ w,
1, x/x0 > ε+ w.
(3)
M2i + M
2
o = 1 for all space (let us choose Mi also
real) because Mo,Mi are Kraus operators [15, 16],
so we must then have Mi decreasing from 1 at the
wall as a cosine function down to 0. Regardless
of the specific form for Mo,i, quantum mechanics
dictates that the probability of finding result i, o is
given by Pi,o = 〈φ1|M2i,o|φ1〉 =
∫
dxM2i,o(x)φ
2
1(x),
with a conditional post-measurement state given by
|φα〉 = Mα|φ〉/
√
Pα, α = i, o.
Engine cycle.— The three-stroke engine cycle can
now be described. The engine consists of the system
(a single particle), a detector, and a controller to
either move the wall’s position or keep it in place.
The object of the engine is to convert energy given
by the measurement process into useful work.
1. A measurement of the particle’s position oc-
curs, resulting in the stochastic result i or o
with probabilities Pi, Po. Generally, the new
(disturbed) state of the particle is no longer in
its ground state and therefore has a greater in-
ternal energy, regardless of which outcome oc-
curs. The energy gained by the particle during
this step must be provided by the measure-
ment because total energy is conserved. We
refer to the average energy gain over both out-
comes, Qq ≥ 0, as “quantum heat” because of
its stochastic nature.
2. If outcome i was found (particle is close to the
wall), then the engine controller does nothing.
If outcome o is found (the particle must be a
distance larger than ε from the wall), then the
controller suddenly moves [17] the wall to the
right of a distance xM = εx0. This costs no
work in principle because the wavefunction’s
3value is 0. Further, it has been shown that
motion of the wall through a region of zero
wavefunction makes no change to the rest [18].
3. Whatever the outcome, we let the particle re-
lax in contact with a bath of temperature TR
very low with respect to T ∗ = (E2−E1)/kB '
1.75~2/2mx20kB [19]. For a relaxation time
long enough, the particle is in its ground state,
possibly with an advanced wall. Note that if
the wall has been advanced (outcome o) the
new ground state has an energy increased by
an amount W = (~2/2mx20)ε: this corresponds
to work extracted during the cycle from the
particle’s potential energy.
We note that there is a conditional step in the
above cycle, and the engine is instructed to do dif-
ferent things depending whether outcome i or o is
found. If we consider this system to be an iso-
lated thermodynamic system of the same type of
Szilard, see e.g. [20] with the observer acting as
a quantum Maxwell demon, the demon resets its
memory in a bath of temperature TD. Although
we are not extracting work from a thermal bath,
but rather from the quantum measurement process,
the use of finite resources used cyclically still re-
quires erasure of memory. However, the erasure cost
is −kBTD
∑
α=i,o Pα logPα which can be set much
smaller than W for sufficiently low TD (in particular
for TD = TR).
Results.— We now analyze the engine’s perfor-
mance. The engine cycle is stochastic, so it is pos-
sible that from run to run, a large amount of work
may be done (i.e. a long sequence of o results). How-
ever, we will consider the average performance of the
engine. The engine cycle is constructed so that the
system always begins in the ground state, and there-
fore the average work per cycle is given by the work
in steps 2 and 3, times the probability of o,
W = ε
~2
2mx20
∫
dxM2o (x)φ
2
1(x). (4)
The average amount of energy given by the measure-
ment apparatus to the system (per cycle) is given by
Qq =
∑
α Pα〈φα|H|φα〉 − 〈φ1|H|φ1〉, or
Qq = − ~
2
2m
∫
dx
(∑
α
Mα(x)M
′′
α(x)
)
φ21(x), (5)
where we have assumed Mo,i are diagonal in the po-
sition basis, causing the potential energy term to
drop out. The conversion efficiency is defined as
η =
W
Qq
. (6)
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FIG. 2. a,b: Efficiency η (a) and average work extracted
per cycle W˜ (b) as a function of ε and w. Insets: Section
of the efficiency (a) and the work (b) along the dashed
white line corresponding to ε = ε∗. c,d: Comparison
of the post-measurement state corresponding to result
o, panel c (i, panel d), with ε = ε∗ and w → ∞ with
the new ground state wavefunctions of the linear trap
potential displaced by an amount ε∗x0 (original ground
state wavefunction).
For the specific choice of the Kraus operators in
Eq. (3), the quantum heat takes on the simple form,
Q˜q =
(
pi
2w
)2 ∫ (ε+w)x0
εx0
dxφ21(x), where the tilde sym-
bol denotes the work or heat divided by ~2/(2mx20).
It may naively be thought that this engine is most
efficient when the variables ε, w are very small, such
that the outcome o becomes much more frequent
than the outcome i, a kind of “Zeno limit engine” as
in [9]. In fact, this is false. Expanding both work and
heat in the limit just mentioned, we find that W˜ =
ε(1 +O(ε, w)3), and Q˜q = (pi/2)2
(
ε2/w + ε+ w/3
)
.
Consequently, the quantum heat diverges as w → 0,
reflecting the problematic nature of the strict “yes-
no” question mentioned in the setup. We can opti-
mize the efficiency by setting w = ζε, so that the ef-
ficiency maximizes at ηmax ≈ 0.188 when ζ = 1/
√
3,
even when the work limits to 0. We can do much
better for the efficiency and work by choosing larger
values of ε, w, as shown in Fig. 2. In the plots
shown there, we see that best work performance
(W˜ = 0.80) is given for ε ≈ 1.18, and for w = 0.
However, the efficiency vanishes here since the quan-
tum heat diverges when w → 0. We also consider the
power of the engine, P = W/τ , where τ = Poτo+Piτi
is the average time of the engine cycle, incorporat-
ing the time to move the wall and the thermaliza-
4tion time for outcome o and i. Let us define the
mean velocity of the particle across the potential as
v = Poεx0/τ . Provided the relaxation in step 3. is
fast enough, the cycle duration is typically propor-
tional to ε such that v is finite as ε→ 0. We can ex-
press the power as P = (~2/2mx20)(v/x0) = vV0/ξ,
or the particle’s velocity times the force acting on it,
allowing finite power at finite efficiency in the Zeno
limit where no memory or feedback is required be-
cause every outcome is almost certainly o [21], [22].
Gradual measurement limit.— We notice in the
Fig. 2(a), that we get more efficient engines for large
values of w and moderate values of ε. Large values
of w correspond to measurements that have a very
slow turn-on outside the “window” region of [0, x0ε].
Define the asymptotic efficiency, ηasyp = limw→∞ η
to find [23]
ηasyp = ε
∫∞
εx0
dx (x/x0 − ε)2φ21(x)∫∞
εx0
dxφ21(x)
. (7)
Incredibly, the efficiency of the measurement ap-
proaches 1 at ε = ε∗ ≈ 1.100, corresponding to a
maximal efficiency of ηmax ≈ 0.998. We can un-
derstand more deeply why this optimal value of ε∗
corresponds to maximal efficiency by plotting the
(normalized) post-measurement state φo(x) ∝ (x −
ε∗) Ai(x+ a1), and comparing it to the new ground
state of the (displaced) trap potential (∝ Ai(x +
a1 − εx0)), shown in Fig. 2c; they are nearly iden-
tical. Similarly, the comparison between Miφ1(x)
with the original ground state look nearly the same,
Fig. 2d. Consequently, either moving the wall by
εx0 or leaving it in place almost perfectly realizes
the next phase of the engine cycle [24].
Implementations.— We implement two different
variations of the engine shown in Fig. 1. The first is
a single atom elevator: a gravitational potential of
V (x) = mgx acts on the atom, resulting in the char-
acteristic length of x0 = (~2/2m2g)1/3 ≈ 6µm/m˜2/3
for an atom near the surface of the earth of rela-
tive atomic mass m˜. The temperature needed to
cool to the ground state is T ∗ = m˜1/312nK, so for
e.g. a Rb atom, we have x0,Rb ≈ 300nm and require
T ∗Rb ≈ 50nK, which is quite possible to realize in
cold atom experiments. Alternatively, we can con-
sider one ultra-cold neutron above a neutron mir-
ror, which is the setup of recent gravity-resonance
spectroscopy experiments [25, 26]. In the sketch
of Fig. 1a, the elevator has a platform that has a
counter balanced weight over the pulley. Since the
net force is zero, the elevator can be raised to the
“next floor” by the elevator operator with no work
done, so long as the movement only occurs when the
atom has no amplitude to be near the platform.
In our second example shown in Fig. 1b, we
consider a parallel plate capacitor that is being
charged, one electron at a time (a battery). We
consider a potential difference of 1V across a 1cm
gap. This gives a characteristic length scale of
x0 = (~2/(2me2E))1/3 ≈ 72nm, where E is the elec-
tric field between the plates. The required thermal-
ization temperature is only T ∗ ≈ 0.15K because the
electron is so light. An insulating, uncharged plate
with negligible susceptibility can be moved through
the electric field without any work done. The plate
stops the electron from accelerating back to the pos-
itively charged plate. A measurement of the elec-
tron’s position away from the plate allows the con-
troller to advance the position of the plate to bring
the electron to the other side of the capacitor, charg-
ing the battery.
In the SI [13], we present a model of the mea-
surement, implemented by a spin-1/2 meter im-
pulsively interacting with the particle, in order to
track the energy exchange. Letting the spin be-
gin with energy Eo − Ei the difference of the en-
ergies of the states corresponding to outcomes o
and i, during the interaction, an amount of work
WM = Ei − E1 ≈ 0 is performed on the joint spin-
particle system. The average energy given away by
the spin is EM = Po(Eo − Ei). These energies pro-
vide the “fuel” for the quantum measurement en-
gine, Qq = EM + WM, and must be replenished for
the engine to continue working, see Fig. 1b: as dic-
tated by the WAY theorem, the measurement is not
repeatable if the meter is not externally powered.
Conclusions.— We have constructed an explicit
quantum engine that converts energy from quantum
measurement to do useful work on the system. This
process requires feedback in general. We stress that
a simple transfer of energy is not sufficient to make
a working engine. The energy must be transferred
in such a way that it can be efficiently extracted.
To this end, our three stroke engine is near optimal
because one outcome produces nearly the correct
ground state of the system in the next cycle, while
the other outcomes leaves the state nearly the same
as before. The ability to advance our wall with no
work expended allows efficient conversion of kinetic
to potential energy to make the particle do work
against an opposing force, provided by the measure-
ment process. In spite of the stochastic nature of
the measurement process, we are able to attain effi-
ciencies approaching unity. This result clearly illus-
trates the differences with quantum thermodynamic
systems.
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6SUPPLEMENTARY INFORMATION
Let us discuss a possible implementation of the
measurement process. We consider the interaction
between the particle in the potential well and a spin
1/2 particle with the impulsive interaction Hamilto-
nian
Hint = ~f(xˆ)σyδ(t), (8)
where the spin is prepared in the state |0〉, and f
is some function of the particle’s coordinate. After
the interaction takes place, the spin is measured in
the basis {|0〉, |1〉}. Starting in the separable state
of the spin and particle given by |0〉|φ〉, the interac-
tion entangles the spin with the particle’s position,
leaving the state
|Ψ〉 = |0〉 cos[f(xˆ)]|φ〉+ |1〉 sin[f(xˆ)]|φ〉. (9)
It is now clear that the Kraus operators are M0,1 =
{cos[f(xˆ)], sin[f(xˆ)]}. These can reproduce the in-
vestigated set (3) by choosing f(x) to be 0 for
(x − xwall)/x0 < ε, pi(x/x0 − ε)/2w for ε < x/x0 <
ε+ w, and pi/2 for x/x0 > ε+ w, i.e. a linear ramp
from 0 to pi/2 in the transition region. The linear
ramp can be implemented, e.g. optically, replac-
ing the spin by the polarization degree of freedom,
and by having the polarization of a photon rotated
by 90◦ if it interacts with the particle. Overlaying
a transmission mask that changes from transmis-
sive to reflective will then implement the interaction
Hamiltonian; non-demolition measurements of the
photon’s polarization can then be made to realize
the generalized measurement. This model allows us
to track the energy exchanges occurring during the
measurement. Assuming a spin with energy split-
ting given by ~ωM = Eo − Ei in the |0〉, |1〉 basis,
where Eα is the energy of state φα for α = i, o,
we find that during the interaction, an amount of
work WM = Ei −E1 is performed on the joint spin-
particle system. This work is negligible in the case of
an optimal measurement scheme fulfilling |φi〉 ' |φ〉.
During the interaction, the system energy increases
by an average amount ∆U1 = PoEo + PiEi − E1.
Then, when the spin meter is measured, a quantum
of energy ~ωM is randomly relocalized either in the
spin (outcome i) or in the particle (outcome o). This
corresponds to a change of the particle’s energy by
∆U
(α)
2 = Eα − (PoEo + PiEi) for outcome α = i, o.
Considering the total change in the system energy
in the two-step process, ∆U1 + ∆U
(α)
2 , and averag-
ing over the two measurement outcomes recovers the
average quantum heat Qq of Eq. (5). We note that
if outcome o is found, the spin is left in its ground
state |1〉 and must be reset to the excited state |0〉
before the next measurement cycle if we reuse that
spin. This process costs a amount of energy ~ωM
which together with the interaction work WM com-
pensates the quantum heat Qq provided by the mea-
surement process, and is therefore not repeatable in
isolation as dictated by the WAY theorem.
